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PtdIns(4,5)P 2 lipid is essential for clathrincoated pit formation, whereas proper endosomal trafficking requires its hydrolysis on intracellular endosomes. Cauvin et al. now show that the Rab35 GTPase couples PtdIns(4,5)P 2 hydrolysis with endosome scission by recruiting the Lowe syndrome phosphatase OCRL at the right place and time.
SUMMARY
Phosphoinositide (PtdIns) homeostasis requires a tight spatial and temporal regulation during the endocytic process [1] . Indeed, PtdIns(4,5)P 2 plays a crucial role in endocytosis by controlling clathrincoated pit formation, whereas its conversion into PtdIns4P right after scission of clathrin-coated vesicles (CCVs) is essential for successful uncoating and cargo sorting [1] [2] [3] [4] [5] [6] . In non-neuronal cells, endosomal PtdIns(4,5)P 2 hydrolysis critically relies on the lipid phosphatase OCRL [7] [8] [9] , the inactivation of which causes the Oculo-Cerebro-Renal syndrome of Lowe [10, 11] . To understand the coupling between PtdIns(4,5)P 2 hydrolysis and endosome formation, a key issue is thus to unravel the mechanism by which OCRL is recruited on CCVs precisely after their scission from the plasma membrane. Here we found that the Rab35 GTPase, which plays a fundamental but poorly understood role in endosomal trafficking after cargo internalization [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] , directly recruits the OCRL phosphatase immediately after scission of the CCVs. Consistent with Rab35 and OCRL acting together, depletion of either Rab35 or OCRL leads to retention of internalized receptors such as the endogenous cation-independent mannose-6-phosphate receptor (CI-MPR) in peripheral clathrin-positive endosomes that display abnormal association with PtdIns(4,5)P 2 -and actin-binding proteins. Remarkably, Rab35 loading on CCVs rapidly follows the recruitment of the AP2-binding Rab35 GEF/activator DENND1A (connecdenn 1) and the disappearance of the Rab35 GAP/inhibitor EPI64B. We propose that the precise spatial and temporal activation of Rab35 acts as a major switch for OCRL recruitment on newborn endosomes, post-scission PtdIns(4,5)P 2 hydrolysis, and subsequent endosomal trafficking.
RESULTS AND DISCUSSION
Rab35 and OCRL Colocalize on Endosomes OCRL directly interacts with nine Rab GTPases, including Rab35, and its Rab-binding domain is crucial for its association to various endomembranes [22] [23] [24] [25] . In addition, GTP-bound (active) Rab35 preferentially interacts with OCRL in vitro and in co-immunoprecipitation experiments ( Figure S1A ) [25] . Rab GTPases are highly regulated molecular switches that control membrane trafficking in eukaryotic cells [26] and thus represent ideal candidates for recruiting OCRL at the right place and time in the endocytic process. Since both Rab35 [12, [14] [15] [16] and OCRL [7] [8] [9] [27] [28] [29] localize to endosomal structures, we first examined possible colocalization between Rab35 and OCRLb, the predominant isoform of OCRL in non-neuronal cells [10] . In HeLa cells, GFP-OCRLb (hereinafter referred to as GFP-OCRL) colocalizes with approximately 50% of the mCherry-Rab35-positive vesicles in the cell periphery. Reciprocally, 40% of OCRL vesicles were positive for Rab35 ( Figures 1A and 1B) . Importantly, 35% of Rab35/OCRL double-positive structures corresponded to early endosomes labeled by a 5-min transferrin pulse ( Figures 1A, arrowheads, 1B , and S1B). In addition, more than 55% of the non-TGN (trans-Golgi network), peripheral vesicles positive for both Rab35 and OCRL also contained the endogenous cation-independent mannose-6-phosphate receptor (CI-MPR) cargo in HeLa cells ( Figures 1A and 1B ) and in human kidney HK2 cells ( Figure S1C ). The localization of OCRL on CI-MPR endosomes is physiologically important, since abnormal CI-MPR trafficking between endosomes and TGN is likely responsible for the elevated levels of lysosomal enzymes in the plasma and the urine of Lowe syndrome patients [7] [8] [9] [10] 28] . Altogether, these results indicate that Rab35 and OCRL partially colocalize on transferrin-and CI-MPR-positive endosomes and suggest that Rab35 and OCRL could function together in the endosomal system. 
Rab35 and OCRL Depletions Similarly Redistribute CI-MPR to Peripheral Endosomes
To test this hypothesis, we focused on CI-MPR trafficking in OCRL-or Rab35-depleted cells ( Figure S1D ). As expected [8, 9, 28] , endogenous CI-MPR accumulated in peripheral structures partially labeled with the early endosomal marker EEA1 in OCRL-depleted cells ( Figure 1C, zoom) . Small interfering RNA (siRNA)-resistant GFP-OCRL rescued this phenotype, thus ruling out off-target effects ( Figure 1D) . Interestingly, the same redistribution of endogenous CI-MPR was observed in Rab35-depleted cells, and, here again, siRNA-resistant GFPRab35 rescued the phenotype ( Figures 1C and 1D) . Similarly, either (1) depletion of DENND1A (connecdenn 1, a guanine exchange factor [GEF] specific for Rab35) [14, 16, 30, 31] ; (2) overexpression of the dominant-negative, GDP-bound mutant of Rab35 (Rab35 S22N); or (3) overexpression of EPI64B, a GTPase-activating protein (Rab GAP) that inactivates Rab35 [13, 17, 18] , triggered extensive redistribution of CI-MPR to peripheral endosomes ( Figures 1E and 1F ). We conclude that both Rab35 depletion and Rab35 inactivation phenocopy the redistribution of CI-MPR to peripheral endosomes observed upon OCRL depletion.
Both Rab35 and OCRL Depletions Alter Endosomal Identity and CI-MPR Retrograde Trafficking from Endosomes to TGN
To further establish the common role of Rab35 and OCRL in endosomal trafficking, we used an established antibody-feeding assay [32] to monitor the internalization of CD8-tagged CI-MPR from the cell surface. In control cells, receptors are found in EEA1-positive endosomes after a 5-min uptake and are delivered to the perinuclear TGN region after 30 min to 1 hr at 37 C (Figures 2A and 2B ; Figures S2A and S2B ). This retrograde trafficking of CI-MPR from endosomes to TGN was impaired in a fraction of OCRL-depleted cells (Figures 2A and 2B ), as expected [8, 9] . Similarly, only 20% of the Rab35-depleted cells (versus 50% of control cells) showed perinuclear TGN localization after 30 min (Figures 2A and 2B ). After 1-2 hr of uptake (steady-state), less than 50% of the Rab35-depleted cells displayed internalized CI-MPR in the perinuclear TGN, as opposed to >80% in control cells ( Figures 2B and 2C ). The same was observed after 8 hr ( Figure S2C ), thus suggesting that the retrograde traffic of CI-MPR was actually blocked in a fraction of the depleted cells. Notably, in both OCRL-and Rab35-depleted cells, kinetics of internalization from the plasma membrane were indistinguishable from control ( Figure 2B ), while internalized CD8-CI-MPR accumulated in peripheral endosomes, partially positive for EEA1 ( Figure 2A ) and other cargoes such as the transferrin receptor ( Figure S1E ). Altogether, these data suggest that the abnormal retrograde trafficking of CI-MPR to the TGN in these cells results from the retention of internalized CI-MPR in peripheral endosomes following internalization.
If Rab35 and OCRL function together to restrict endosomal phosphoinositide(4,5)P 2 (PtdIns(4,5)P 2 ), one should expect an accumulation of the PtdIns(4,5)P 2 -binding endocytic adaptor AP2, actin-binding proteins, and clathrin on endosomes upon Rab35 depletion. Indeed, OCRL promotes clathrin-coated vesicle (CCV) uncoating and prevents ectopic actin accumulation by controlling PtdIns(4,5)P 2 hydrolysis at the surface of endosomes in non-neuronal cells [7] [8] [9] , as reported for synaptojanin1 in neurons [33] . Accordingly, in both OCRL-and Rab35-depleted cells, peripheral endosomes retaining CI-MPR were abnormally associated with patches of clathrin ( Figure 2D ) and AP2 ( Figure S2D ). Consistent with a close relationship between PtdIns(4,5)P 2 and actin polymerization, the actin-binding protein cortactin and the p16Arc subunit of the actin nucleator Arp2/3 were similarly found on peripheral CI-MPR-accumulating endosomes in both OCRL-and Rab35-depleted cells ( Figures  2E-2G) . A previous study could visualize increased levels of PtdIns(4,5)P 2 on endosomes after OCRL depletion [9] , but we and others could detect this only occasionally [7, 8] (data not shown). This is likely due to the fact that abnormal localization of actin-binding proteins shields PtdIns(4,5)P 2 [7] . Still, the lack of PtdIns(4,5)P 2 hydrolysis remains the cause of the trafficking abnormalities observed after OCRL depletion since wild-type, but not phosphatase-dead OCRL (OCRL H524R) [25] , can rescue the defects in both steady-state localization ( Figure S3A ) and retrograde traffic of CI-MPR ( Figure S3B ).
Altogether, we conclude that trafficking defects resulting from Rab35 depletion are strikingly similar to those observed upon OCRL depletion. Since the defects associated with Rab35 depletion are more severe, it is likely that additional Rab35 effectors (e.g., MICAL-L1) [19, 20] may also contribute to regulating CI-MPR trafficking. Nonetheless, the results presented here suggest that Rab35 and OCRL function in concert to regulate PtdIns(4,5)P 2 homeostasis on intracellular endosomes, a required step for normal subsequent trafficking.
OCRL Localization on Endosomes Depends on Rab35 Activation
We found that the expression of an OCRL mutant unable to interact with Rab GTPases (OCRL F668A [24] ) failed to rescue the abnormal CI-MPR localization and trafficking in OCRLdepleted cells (Figures S3A and S3B) . We also recapitulated, in Lowe patient renal cells, that normal CI-MPR localization relied on the ability of OCRL to hydrolyze PtdIns(4,5)P 2 and to interact with Rab GTPases (Figure S3C ). The Lowe patient renal cell line was established as described previously in [25] , after informed consent was obtained from the patient and the patient's parents, in accordance with French law. To directly test whether Rab35 is required for OCRL localization on endosomes, we quantified the number of CI-MPR endosomes labeled with OCRL after Rab35 depletion or inactivation. Both perturbations strongly decreased OCRL association with CI-MPR endosomes ( Figures 3A and 3B ), demonstrating that Rab35 contributes to the localization of OCRL on endosomes. Interestingly, Rab35 also directs OCRL recruitment to the plasma membrane of cytokinetic bridges, which controls the timing of abscission [25] . In addition, both Rab35 and OCRL regulate actin dynamics during phagocytosis [34] [35] [36] [37] [38] . These data suggest that Rab35/OCRL acts as a fundamental module that locally regulates PtdIns(4,5)P 2 and actin in several important cellular functions beyond endosomal trafficking.
Rab35 Recruits OCRL with High Spatiotemporal Accuracy, Immediately after CCV Scission from the Plasma Membrane
To determine the precise timing of Rab35 and OCRL recruitment in the endocytic pathway, we turned to live-cell imaging. First, we observed that mCherry-Rab35 and GFP-OCRL appeared concomitantly in the total internal reflection fluorescence (TIRF) microscopy plane ( Figure 4A ), and this was further confirmed in a TALEN-mediated genome-edited cell line expressing endogenous levels of GFP-tagged Rab35 ( Figure 4B ).
Then, we determined the exact timing of recruitment of Rab35 and OCRL with respect to CCV scission from the plasma membrane, using a state-of-the-art ''pulsed pH'' (ppH) assay established previously [39, 40] . Briefly, this method is based on the expression of the transferrin receptor (TfR) extracellularly tagged with the pH-sensitive superecliptic-pHluorin (SEP) and rapid extracellular pH changes. It determines with 2-s accuracy when an individual clathrin-coated pit (CCP) is pinched off from the plasma membrane to become a CCV by detecting the appearance of green TfR-SEP punctae in pH 5.5 images (''time 0'' indicates that scission occurred 2 s before; Figure S4A ). Applying this quantitative assay on hundreds of scission events, we found that mCherry-OCRL, present at background levels before scission, is rapidly recruited to newborn endosomes right after scission ( Figure 4C) . Remarkably, the kinetics of Rab35 and OCRL recruitment after scission (time 0 and later) were indistinguishable, indicating that both proteins are recruited simultaneously on ''very early endosomes'' ( Figure 4C ). We noticed that, starting about 30 s prior to scission, Rab35 was nevertheless loaded at a slow rate on CCPs before its massive and rapid recruitment post-scission, indicating a sharp transition in Rab35 recruitment at the time of membrane scission. The known ability of OCRL to interact with clathrin heavy chain and clathrin adaptor AP2, both present long before scission, cannot account for the timing of OCRL recruitment [29] . As GTP-bound (active) Rab35 directly binds to OCRL, we next determined whether Rab35 could recruit OCRL on CCVs just after their scission. We found that 67% ± 12.4% of CCVs detected with the ppH assay were loaded with measurable amounts of OCRL in the TIRF plane in control-siRNA cells, as compared to only 29% ± 9.8% in Rab35-depleted cells ( Figure 4D ). Using this assay, a similarly impaired recruitment was observed for the OCRL F668A mutant that is unable to interact with Rab GTPases ( Figure S4C ). We conclude that Rab35 is a major determinant of OCRL recruitment on endosomes just after their scission from the plasma membrane.
So far, it has been assumed that the endosomal GTPase Rab5 is responsible for recruiting OCRL in the endosomal system, based on overexpression of the GTPase-deficient Rab5 Q79L mutant [9, 22] . To test the potential role of endogenous Rab5, we expressed its dominant-negative version (Rab5 S34N) and found that Rab5 also participated in OCRL recruitment on CI-MPR peripheral endosomes ( Figure S4D ). However, little overlap was observed between mCherry-Rab35 and GFP-Rab5 (Figure S4E) , consistent with Rab5 localizing on endosomes late after scission [40] as compared to Rab35 ( Figure 4C ). Therefore, we propose that Rab35 and Rab5 recruit OCRL at distinct and successive steps during endosomal maturation. Altogether, we conclude that the Rab35 GTPase acts as a molecular switch that recruits its effector OCRL at the right place (endosomes) and time (after their scission from the plasma membrane).
This raises the question about the correct spatiotemporal activation of Rab35 itself. Therefore, we analyzed the dynamic localization of its GEF/activator DENND1A [14, 16, 30, 31] and GAP/ inhibitor EPI64B [13, 17, 18] . Using the ppH assay or a recently developed variation [41] , we determined that DENND1A was strongly recruited at the time of membrane scission and observed that its recruitment peaked slightly before the maximum of Rab35 recruitment ( Figures 4E, black curve, and  S4B ). In contrast, EPI64B peaked approximately 10 s before CCV scission ( Figures 4F, blue curve, and S4B) . Remarkably, the transition from slow to fast accumulation of Rab35 started as soon as EPI64B levels declined from clathrin-coated structures. Thus, Rab35 association to CCVs shortly follows the recruitment of the Rab35 GEF DENND1A and the disappearance of the Rab35 GAP EPI64B ( Figure 4G ). Since Rab GEFs play a major role in the localization of their cognate Rabs [42] , the profile of DENND1A recruitment explains why Rab35 is extensively activated and, therefore, loaded on CCVs shortly after their scission. Since DENND1A directly binds to AP2 [31] , a change of accessibility to this adaptor in CCPs ready to be pinched off could determine the timing of DENND1A recruitment. Alternatively, DENND1A phosphorylation regulates its GEF activity through the release of an autoinhibitory interaction [43] , an event that might also favor binding to AP2. In parallel to this activation module, an ARF6/EPI64B inhibitory module prevents early Rab35 activation and, thus, a premature recruitment of OCRL during the genesis of the endosome, avoiding PtdIns(4,5)P 2 hydrolysis and coat disassembly before scission. Indeed, EPI64B is retained at the cellular cortex (data not shown) and previously found to be recruited in CCPs by the ARF6 GTPase [13] . Of note, ARF6 also likely promotes high levels of PtdIns(4,5)P 2 at CCPs by favoring its production through direct binding to the PtdIns4P 5-kinase [4] (Figure 4H ).
In summary, we propose that the precise timing of Rab35 activation by negative and positive regulatory circuits determines the recruitment of OCRL on newborn endosomes, shortly after scission. This, in turn, leads to PtdIns(4,5)P 2 hydrolysis into PtdIns4P and constitutes a fundamental transition after internalization. PtdIns(4,5)P 2 hydrolysis is, indeed, essential for the acquisition of a lipidic identity distinct from that of the plasma membrane and promotes CCV uncoating in conjunction with the ATPase Hsc70. Moreover, this event is crucial for cargo sorting and subsequent endosomal trafficking [1] . Rab35 is one of the endosomal Rab GTPases that has attracted the most attention in recent years [12] [13] [14] [15] [16] [17] [18] . The finding that Rab35 controls the early endosomal recruitment of a PtdIns(4,5)P 2 phosphatase provides the rationale for its fundamental role in endosomal trafficking and reveals how PtdIns(4,5)P 2 hydrolysis is coupled with endosome scission. A similar function for Rab35 in neurons could also explain why the brain-specific isoform OCRLa is recruited after endosomal scission [40] . This study sheds new light on the mechanism of OCRL localization in the early endocytic pathway, the impairment of which is thought to be responsible for the renal defects and cognitive deficiencies observed in Lowe syndrome patients [10, 44] . 
